Optogenetics with microbial opsin genes has enabled highspeed control of genetically specified cell populations in intact tissue. however, it remains a challenge to independently control subsets of cells within the genetically targeted population. although spatially precise excitation of target molecules can be achieved using two-photon laser-scanning microscopy (tPLSm) hardware, the integration of two-photon excitation with optogenetics has thus far required specialized equipment or scanning and has not yet been widely adopted. here we take a complementary approach, developing opsins with custom kinetic, expression and spectral properties uniquely suited to scan times typical of the raster approach that is ubiquitous in tPLSm laboratories. We use a range of culture, slice and mammalian in vivo preparations to demonstrate the versatility of this toolbox, and we quantitatively map parameter space for fast excitation, inhibition and bistable control. together these advances may help enable broad adoption of integrated optogenetic and tPLSm technologies across experimental fields and systems.
Optogenetics with microbial opsin genes has enabled highspeed control of genetically specified cell populations in intact tissue. however, it remains a challenge to independently control subsets of cells within the genetically targeted population. although spatially precise excitation of target molecules can be achieved using two-photon laser-scanning microscopy (tPLSm) hardware, the integration of two-photon excitation with optogenetics has thus far required specialized equipment or scanning and has not yet been widely adopted. here we take a complementary approach, developing opsins with custom kinetic, expression and spectral properties uniquely suited to scan times typical of the raster approach that is ubiquitous in tPLSm laboratories. We use a range of culture, slice and mammalian in vivo preparations to demonstrate the versatility of this toolbox, and we quantitatively map parameter space for fast excitation, inhibition and bistable control. together these advances may help enable broad adoption of integrated optogenetic and tPLSm technologies across experimental fields and systems.
Microbial opsin genes 1 can be introduced into neurons 2, 3 to provide control over defined circuit elements in intact tissue or organisms (reviewed in ref. 4 ). Most such studies have involved synchronous control of genetically targeted cell populations over millimeter-scale spatial domains [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , for example, in studies of sleep-wake transitions 5 , parkinsonian circuitry 6, 7 , gamma rhythms [8] [9] [10] , feeding behavior 11, 12 , olfaction 13 , anxiety and fear [14] [15] [16] [17] and memory storage 18, 19 . Yet methods for guiding spatial delivery of light excitation itself could allow improved precision and complexity in optogenetic modulation [20] [21] [22] [23] [24] [25] [26] , and indeed single-photon guided-light strategies have been used in mammalian tissue 27, 28 for optogenetic circuit mapping 29, 30 and dissection of anxiety circuitry 14 . Even more spatially precise control has been achieved using TPLSM 31 methods for generating restricted excitation volumes, and such methods have advanced the study of circuit wiring, activity and plasticity (reviewed in ref. 32) in combination with caged compounds [33] [34] [35] . Although they are elegant, the TPLSM uncaging methods do not readily allow direct targeting of genetically specified cell populations, are difficult to apply in vivo in mammals and encounter challenges in controlling sustained, precisely timed spike trains. In contrast, optogenetics and two-photon excitation together could enable manipulation of single or multiple genetically and spatially targeted cells with high temporal resolution over sustained intervals and within intact volumes.
Prior groundbreaking studies have provided proof of principle for two-photon activation of neurons using the channelrhodopsin variant ChR2-H134R (ChR2 HR ). One pioneering study was able to overcome the low single-channel conductance of ChR2 HR and produce spikes in cultured neurons using spiral scanning to open sufficient ChR2 HR channels on individual neurons 36 . Two other reports of neuron activation in slice preparations relied on elegant hardware innovations and larger focal spots of nonscanning illumination 37, 38 . Building on this past work and our own observations 2,3,10,39-41 , we found that, for timescales and excitation volumes typical of two-photon laser-scanning hardware, additional limitations of two-photon optogenetics include the off-kinetics and maximal photocurrents of optogenetic tools. By selecting and engineering new opsins with appropriate offkinetics and photocurrent properties, we now bring a panel of depolarizing, hyperpolarizing and bistable capabilities from the one-photon realm into the two-photon realm for culture, slice and in vivo preparations; moreover, these tools require only standard raster-scanning two-photon microscopy hardware and protocols, thereby complementing earlier two-photon optogenetic studies.
RESULtS

two-photon excitation of chimeric ChRs in cultured neurons
To design tools for activating neurons with standard two-photon raster scanning, we first sought to pinpoint limitations of ChR2 HR . We began with cultured hippocampal neurons transduced with ChR2 HR and used whole-cell recording during unidirectional raster-scanning two-photon excitation with a 40×/0.8-numerical aperture (NA) objective (940-nm light at the two-photon ChR2 HR spectral peak with 237-femtosecond pulse length and 20-mW laser power; Supplementary Fig. 1a ). Resulting depolarizations were found to first increase and then decrease over a single frame scan, and variation in the time taken to scan a cell altered peak depolarization (Supplementary Fig. 1b,c) . We therefore hypothesized that not only improving expression and membrane targeting but also sufficiently slowing channel deactivation to allow two-photon-elicited photocurrents to accumulate during raster scanning could be useful for robust two-photondriven spiking.
The red-shifted C1V1 channelrhodopsin family (based on chimeras between ChR1 and VChR1 and including the E162T (C1V1 T ) and E122T/E162T (C1V1 T/T ) 10 variants as well as membrane-trafficking modifications such as the 'ts' signal 39 ; Fig. 1a-c ) displays off-kinetics (τ off , or time constant of deactivation after light exposure ends; Fig. 1d ,e) two-to fivefold slower than those reported for ChR2 HR 41 ; moreover, photocurrents were greater for C1V1 T than for ChR2 HR with single-photon fullfield illumination (Fig. 1b) . As both properties suggested utility for two-photon application, we transfected the C1V1 opsins into cultured neurons and performed whole-cell recordings while raster scanning over the soma (Fig. 1c) .
Because the C1V1 action spectrum is red shifted, we began with the longest illumination wavelength compatible with widely used titanium-sapphire (Ti-S) lasers (1,040 nm), and we found that standard raster scanning with 0.5-NA objectives gave rise to photocurrents in the range of 500-600 pA (Fig. 1f) . All C1V1-family two-photon raster-scanning illumination-evoked photocurrents were significantly larger than corresponding currents for ChR2 HR (Supplementary Fig. 2a) , even when normalized to saturating-range single-photon full-field illumination-evoked photocurrents in each cell (Supplementary Fig. 2b ), which further suggests utility for C1V1 variants in two-photon excitation. C1V1 T narrowly outperformed other members of the C1V1 family by this measure, consistent with high functional expression (Fig. 1b) and an approximately threefold-increased τ off relative to that of ChR2 HR (Fig. 1d,e) 41 , although all C1V1 variants outperformed ChR2 HR . (e) τ off values (C1V1, 105 ± 1.1 ms (n = 6); C1V1 T , 60 ± 1.9 ms (n = 6); C1V1 T/T , 40 ± 1.3 ms (n = 5)). (f) TPLSM photocurrents for varying NA (C1V1: 40×/0.8, 239 ± 21 pA (n = 17), 20×/0.5, 490 ± 44 pA (n = 6), P = 0.00007; C1V1 T : 40×/0.8, 244 ± 20 pA (n = 14), 20×/0.5, 582 ± 32 pA (n = 6), P = 0.00005; C1V1 T/T : 40×/0.8, 269 ± 46 pA (n = 11), 20×/0.5, 585 ± 80 pA (n = 7), P = 0.001; * denotes significance at P < 0.05 level). (g) C1V1 T TPLSM photocurrents elicited by different light wavelengths. (h) TPLSM action spectra (C1V1, n = 5; C1V1 T , n = 5; C1V1 T/T , n = 6). Values were normalized to the maximum photocurrent within the cell across wavelengths. (i) Laser intensity versus TPLSM photocurrent (C1V1, n = 8; C1V1 T , n = 8; C1V1 T/T , n = 13). Normalization as in h. (j) Left, 1,040-nm, TPLSM-evoked spiking. Right, spiking efficacy (10 Hz: C1V1 n = 6, 36.7% ± 6% versus C1V1 T and versus C1V1 T/T , both n = 6, 100% ± 0%, P = 0.002; 20 Hz: C1V1 n = 6, 18.3% ± 3.7% versus C1V1 T n = 6, 56.7 ± 10%, P = 0.001 and versus C1V1 T/T n = 6, 91 ± 4%, P = 0.01; * denotes significance at P < 0.05 level). Black squares: spiking of the same cells in response to direct current injection (400-pA, 10-ms current pulses provided at the indicated frequency). Resting membrane potential (R m ), −65 mV; 2P, two photon. npg After this result, we mapped illumination parameters. We first explored an experimental parameter governing laser exposure time by comparing peak photocurrent to maximal charge transfer (that is, the area under the photocurrent-versus-time curve) for a raster scan under conditions in which pixel dwell time was held constant but resolution of each line scan was increased; peak photocurrents depended heavily upon this practical scan-resolution parameter, which influences both scan-line time and scan-line number ( Supplementary Fig. 2c-h) . Next, cellular photocurrent recovery between scans, a process of practical importance, was tracked and found to proceed with kinetics such that essentially full recovery was attained with a 30-s interscan interval ( Supplementary  Fig. 3a) . We next found that the greatest photocurrents under these conditions occurred at 1,040 nm ( Fig. 1g-i ; less widely available, longer-wavelength illumination approaches are likely to exceed this level for the red-shifted C1V1 family, as photocurrents had not peaked at 1,040 nm); when laser power at 1,040 nm was varied between 1 and 30 mW (Fig. 1i) , data were found to fit the expected quadratic function for low laser-intensities-indicative of a two-photon process (Supplementary Fig. 3b ). When we varied only the parameter of dwell time (the duration the laser remained on each pixel, which influences total scan-line time while holding number of scan lines constant), we noted an inverted-U pattern in photocurrent amplitude ( Supplementary  Fig. 3c,d) ; only for certain regimes and certain C1V1 variants could higher peak photocurrents be achieved by increasing time per scan line via increasing dwell time, and in some cases lower peak photocurrents actually resulted, again consistent with offkinetics ( Supplementary Fig. 3c-f) .
It is of practical importance to note that under the same pixel dwell time and scan resolution, using a 20×/0.5-NA objective with a greater illumination point-spread function and thus excitation volume ( Supplementary Fig. 4a-c) will elicit significantly larger photocurrents than using (for example) a 40×/0.8-NA objective (Fig. 1f) ; this expected effect of the illumination point-spread function depends on (among other parameters) the degree to which the back aperture of the objective is filled as described 42 , and influences ChR variants similarly (Supplementary Fig. 4) . In a final practical test of opsin performance in culture, we found that faster opsin off-kinetics (Fig. 1d,e) predicted improved high-frequency performance, with C1V1 T/T generating the best-resolved high-frequency 1,040-nm-elicited photocurrents in voltage clamp (Supplementary Fig. 5 ) as well as the highestfrequency sustained spike trains in current clamp (Fig. 1j) . Notably, for all C1V1 family members, standard raster-scan illumination at 1,040 nm generated sustained, precisely timed spike trains (Fig. 1j) .
two-photon C1V1-driven activation of neurons in slices
Whereas use of a simple two-photon diffraction-limited spot in combination with optogenetics to generate spikes has been successful in culture 36 , spike generation in tissue slices ('in slice') npg has been accomplished using (for example) advanced methodologies to shape two-photon spots 37, 38 . To explore C1V1-variant functionality in slice, we targeted pyramidal cells in slices from prefrontal cortex or hippocampus of adult mice via injection of adeno-associated virus 41 (AAV5) bearing C1V1-family opsins under the control of the CaMKIIα promoter, and we performed whole-cell recordings (20×/0.5-NA objective, 32 °C) 5-6 weeks after transduction during standard raster scanning with 1,040-nm illumination (Fig. 2a) . We tested C1V1 T and C1V1 T/T in slice, given their improved frequency response ( Fig. 1j ) compared with that of C1V1, and confirmed the potent responses to 1,040-nm light that had been seen in culture (Supplementary Fig. 6 ). At high frame-scan frequencies, C1V1 T/T (with faster off-kinetics) showed greater photocurrent recovery than C1V1 T between light pulses (that is, reduced current persisting between scans) in voltage clamp ( Supplementary Fig. 6a,b) ; in current clamp, we were able to drive action potentials in C1V1 T -transduced cells reliably at 20 Hz and in C1V1 T/T -transduced cells at up to 40 Hz ( Fig. 2b and Supplementary Fig. 6c ).
We next tested the spatial resolution of two-photon spike elicitation: during whole-cell recording from prefrontal slices, we positioned the scanning region of interest (ROI) at the soma center and moved the objective in the lateral and axial planes ( Supplementary Fig. 7a,b) . For suitable spatial resolution, we found that reliable spike generation, required centering the ROI on the soma ( Fig. 2c ; typical cell size was ~10 × 10 × 15 µm). The resolution of spiking revealed a full-width half-maximum value of 12.5 µm axially (Fig. 2d ) and 9.3-9.5 µm laterally (Fig. 2e) around the soma, consistent with photocurrent measurements for the same axial and lateral positions (Supplementary Fig. 7) .
It was challenging to define ROIs around tightly packed cells visualized via this membrane-delimited opsin-fluorophore fusion. Therefore, to enable robust targeting of individual neurons, we separated fluorophore from opsin to fill targeted cells with the fluorophore while maintaining opsin expression at the membrane. Using the previously described 9-amino-acid picornavirus p2A motif for expression of two proteins from a single promoter 39, 43 , we separated C1V1 T from EYFP ( Fig. 2f) and injected AAV5 bearing this separated-opsin configuration into prefrontal cortex. The p2A motif was designed to remain on the opsin C terminus so that immunostaining for p2A still allows subcellular tracking of opsins ( Supplementary Fig. 8a ). In slices prepared 5-6 weeks after injection, this configuration enabled robust discrimination and definition of single cells, crucial for these two-photon methods ( Fig. 2g and Supplementary Fig. 8b ). Finally, we verified functionality: in a comparison of three different configurations (opsin-ts-EYFP, opsin-p2A-EYFP and EYFP-p2A-opsin), the highest photocurrents were observed in the opsin-p2A-EYFP configuration (Fig. 2f) along with robust raster-scanning 1,040-nm-driven spike generation in slice (Fig. 2h) .
To confirm that intact-tissue, single cell-resolution, rasterscanning two-photon spike generation was possible, we performed dual whole-cell recordings from neurons separated by no more than 1-2 µm (Fig. 3a) and attempted to independently fire each cell (Fig. 3b,c) . We did not observe spikes in adjacent nontargeted cells while the targeted cell was driven to spike (Fig. 3b) , a property also reflected in the small photocurrents recorded from adjacent nontargeted cells (Fig. 3d) . As expected, increased photocurrent was associated with shortened latency to spike, lower jitter (Fig. 3e) and greater fluorescence intensity (Fig. 3f) . Finally, to test optogenetic two-photon stimulation of dendritic spines in slice, we filled patched cells with Alexa 594 dye to ensure that the stimulated spine would be part of the patch-clamped neuron, and we found that we could readily induce photocurrents averaging 7.3 pA (Supplementary Fig. 8c ; n = 10 cells, 29 spines; 1,040-nm raster scans over single spines; 40×/0.8-NA objective). 
In vivo optogenetic activation of single neurons
We next turned to the mammalian in vivo preparation (Fig. 4a) . We injected AAV5 bearing CaMKIIα::C1V1 T -p2A-EYFP into superficial somatosensory cortex of adult mice and observed robust expression in superficial layers (Fig. 4b) . The cell-filling configuration sufficed to allow not only selection of individual cells but also visualization of individual dendritic processes and spines in vivo (Fig. 4c) . After visualizing and targeting individual neurons in anesthetized mice, we performed loose patch recordings under two-photon-guided patch-clamp to test stimulation of individual neurons with appropriate spatial resolution (Fig. 4a,d) . By placing the ROI at the center of single pyramidal cells, we were able to drive precise spike trains using 1,040-nm light and standard raster-scanning light delivery to the singlecell ROI in the living mouse (Fig. 4d) . We noted that moving in either axial or lateral directions as in slice reliably eliminated spike generation, indicating high spatial (Fig. 4d) as well as temporal precision in vivo.
Bistable two-photon optogenetic control
A distinct kind of optogenetic control relevant to two-photon methods involves bistable or step-function opsin (SFO) genes, which give rise to prolonged photocurrents far outlasting the initiating pulses of light 10, 40 . Blue light-activated SFOs can be inactivated with yellow light 10, 40 , and SFOs have been useful for delivering prolonged but still precisely temporally delimited excitability (rather than defined spike trains) to targeted cell populations in behaving mouse neocortex 10 . This allows elicitation of sparse, distributed, asynchronous and endogenously timed activity in targeted cell populations (rather than exogenously coordinated spiking)-suited to presumed sparse coding in populations, such as principal cells in neocortex, that are often studied with two-photon imaging. However, no study has reported bistable photocurrents using two-photon illumination owing to the challenge of generating photocurrents in the >50-pA range typically required to modulate circuit physiology and behavior with currently published SFOs 10, 40 . For example, although the stabilized SFOs (SSFOs) 10 are the most kinetically stable among the opsins used in optogenetic experiments, SSFO currents (like earlier C128 SFO currents) are already on the small end of the useful range (~50-200 pA) even with maximal single-photon fullfield excitation, thereby posing challenges for less-potent rasterscanning two-photon approaches.
We therefore developed a high-photocurrent SFO for twophoton raster-scanning excitation. Adding the H134R mutation 44 onto the background of two earlier SFO variants 40 , ChR2-C128T (ChR2 TR ) and ChR2-C128A (ChR2 AR ) (Fig. 5a ) increased onephoton photocurrents threefold (Fig. 5b) while retaining the prolonged off-kinetics of the original SFOs (Fig. 5c) ; ChR2 AR and ChR2 TR displayed mean τ off values of 53 s and 3.1 s, respectively ( Fig. 5c and Supplementary Fig. 9a ). We next found that these novel variants allowed single-scan two-photon (940-nm) elicitation of photocurrents in the required 100-to 150-pA range (Fig. 5d) , and we denote these novel variants as 2PSFOs (though of course these tools can also be controlled with single-photon methods, as demonstrated below).
Two-photon action spectra were similar to that of ChR2 HR , peaking at 940 nm (Fig. 5e) ; laser intensity dependence fit the quadratic function (at low laser intensities) indicative of a twophoton process ( Fig. 5f and Supplementary Fig. 9b ). Photocurrent measures were also obtained while varying the practical dwelltime and scan-resolution parameters; results are summarized in Supplementary Figure 9c,d . We next performed whole-cell recordings in hippocampal neurons transduced in culture with ChR2 AR , with the scanning ROI at the center of the cell. We observed a profound decrement in 940-nm-evoked photocurrent (Fig. 5g,h ) consistent with the anticipated spatial resolution. We conjectured that 2PSFO activation would be reversible using red-shifted light (via a single-photon mechanism); indeed, we were able to deactivate the 2PSFOs fully with 590-nm light and partially with more blue-shifted light (Fig. 5i) . We also found that continuous raster scanning with 1,060-nm ultrashort pulsed illumination allowed successful deactivation of 2PSFOs in the targeted focal plane (Fig. 5j) . Because the raster-scanning two-photon activation is spatially constricted to a subset of opsins, deactivation is partial, whereas full-field onephoton application affects all opsins ( Supplementary Fig. 9e) ; applications may thus be enabled wherein the experimenter can selectively activate all, and then partially deactivate subpopulations of, targeted cells or compartments. Notably, the same wavelength that deactivates SFOs can also activate SFOs, depending on state of the photocycle, because their activation and deactivation spectra overlap 10 (Supplementary Fig. 9f ).
Finally, we tested for induction of bistable photocurrents in slice. A 2PSFO lentivirus (CaMKIIα::EYFP-p2A-ChR2 AR ) was injected into adult mouse cortex. In slices prepared 4-5 weeks later, even a single 940-nm raster scan using a 40×/0.8-NA objective sufficed to induce suitable bistable photocurrents (mean = 71 pA, (Fig. 5k) ; in current clamp, this two-photon activation consistently depolarized neurons to subthreshold levels (mean = 8.2 mV, n = 3 cells) just as in hippocampal culture (mean = 9.7 mV, n = 9 cells), increasing the probability of spiking to injected current pulse trains as typically desired for SFOs (Fig. 5l) .
two-photon optogenetic inhibition
Experimental advantages from genetic and optical selection of targeted elements with two-photon-based methods would also apply to optogenetic loss of function. Molecular strategies have enhanced hyperpolarizing tools (Fig. 6a) 39, 41 , and the longer τ off of the engineered proton pump eArch3.0 (refs. 41, [45] [46] [47] relative to the faster chloride pump eNpHR3.0 (refs. 39,41) , along with large photocurrents, could allow two-photon-based raster-scanning inhibition. We transduced cultured hippocampal neurons with eArch3.0 and found that a single raster scan through an ROI around the soma (Fig. 6b ) produced suitable outward current (Fig. 6c) depending, as expected, on time per scan line and number of scan lines (Supplementary Fig. 10a,b) . Though not clearly at peak, the greatest current with widely used Ti-S lasers occurred at 1,040 nm and saturated at approximately 20 mW (Fig. 6d,e) ; low-laser intensity data fit the expected quadratic function indicative of a two-photon process ( Supplementary  Fig. 10c ). Suitable spatial resolution was also observed (Supplementary Fig. 10d ), and we found that using the 20×/0.5-NA objective increased current amplitude (Fig. 6f) as expected. Finally, although single raster scans provided robust peak currents, repetitive fast scanning, even with a delay between scans, still enabled prolonged outward photocurrents (Fig. 6g) that stably inhibited spiking (Fig. 6h) .
We finally turned to acutely prepared slices injecting AAV5 into prefrontal cortex of adult mice to deliver CaMKIIα::eArch3.0-ts-EYFP and observing robust expression 4-6 weeks after injection (Fig. 6i) . We defined ROIs centered on pyramidal somata and, while injecting current to drive spiking, applied repetitive raster scans to the ROI. We observed potent inhibition of spiking ( Fig. 6j): as we moved the ROI axially from the center of the cell, inhibition of spiking steeply diminished (Fig. 6j,k) , indicating suitable spatial resolution in this preparation. Temporal stability was also suitable: in whole-cell recordings with spiking elicited by injected 5-Hz current, continuous 1,040-nm raster scanning centered on the cell produced stable inhibition of spiking (Fig. 6l) . npg dISCUSSIOn Optogenetic tools have been applied across many preparations to determine causal contributions of genetically specified cell types to behavioral and physiological outputs of neuronal circuits. Beyond genetic specificity, further precision can be obtained with optogenetics by activating or inhibiting specific projections from subsets of neurons or neurons defined by specific projections 14, 30, 39 . Prior work has been instrumental in demonstrating two-photon optogenetic control and in identifying limitations of two-photon methods in combination with optogenetics. By modifying and validating distinct microbial opsins, here we sought to allow basic raster-scanning two-photon microscopes, hardware and protocols ( Supplementary Fig. 11 and Supplementary Table 1) to optogenetically modulate neuronal circuitry at the level of single cells in preparations ranging from culture to the living mammal. The tools demonstrated here (i) address this practical goal, (ii) maintain the temporal precision required for fast spike generation, bistable modulation and spike inhibition (Supplementary Table 2 ) and (iii) maintain use of a diffraction-limited two-photon spot (thereby eliminating potential power loss due to divided beams or diffraction gratings). In addition, the flexibility of a single diffraction-limited spot to activate or silence can be combined with other elegant spatial light-modulation technologies to probe millisecondtimescale processing 48, 49 .
Potential applications include mapping of neuronal connectivity, which could give rise to a wealth of information on both normal circuitry and pathophysiological processes. For example, animal models of psychiatric disease states might show differences in local connectivity patterns among neurons. To collect these data, multiple paired recordings from ex vivo preparations typically must be conducted, but the technology presented here may allow faster data collection and a more complete picture of network connectivity. By combining this technology with behavioral, physiological and imaging tools currently available 50 , dissection of the causal contribution of arbitrarily defined sets of elements to circuit physiology and behavior becomes possible. mEthOdS Methods and any associated references are available in the online version of the paper. OnLInE mEthOdS Molecular cloning. ChRs and ChR point mutants were human codon optimized, and point mutations were produced by site-directed mutagenesis (QuickChange, Agilent). pLentiCaMKIIα::opsin-EYFP-WPRE constructs were designed with BamHI between the promoter and the opsin, NotI between the opsin and the fluorophore, and EcoRI between the fluorophore and the WPRE. Cell-filling versions of all the opsins were constructed using a ribosomal skip site (p2A) between the opsin and fluorophore. All opsins were flanked by BamHI and AscI, and the p2A-FYP by AscI and EcoRI, to facilitate modular cloning. Opsins were cloned into the BamHI/EcoRI site of the AAV-CaMKIIα vector, and DNA was packaged by the UNC Vector Core as AAV5. Constructs were sequenced for accuracy of cloning and AAV vectors were tested for in vitro expression before viral production.
Hippocampal neuron culture preparation and transfection. Primary cultured hippocampal neurons were prepared from P0 Sprague-Dawley rat pups (Charles River). CA1 and CA3 were isolated, digested with 0.4 mg ml −1 papain (Worthington), and plated onto glass coverslips precoated with 1:30 Matrigel (Becton Dickinson Labware). Cultures were maintained in a 5% CO 2 humid incubator with Neurobasal-A medium (Invitrogen) containing 1.25% FBS (HyClone), 4% B-27 supplement (Gibco), 2 mM Glutamax (Gibco) and 2 mg ml −1 fluorodeoxyuridine (FUDR) (Sigma), and were grown on coverslips in a 24-well plate at a density of 65,000 cells per well.
For transfecting each well, a DNA-CaCl 2 mix was prepared with 2 µg DNA (Qiagen endotoxin-free preparation) and 1.875 µl 2 M CaCl 2 (final Ca 2+ concentration 250 mM) in 15 µl H 2 O. To DNA-CaCl 2 we added 15 µl of 2× HEPESbuffered saline (pH 7.05). After 20 min at room temperature (20-22 °C) , the mix was added dropwise into each well (from which the growth medium had been removed and replaced with prewarmed minimal essential medium (MEM)), and transfection proceeded for 45-60 min at 37 °C, after which each well was washed three times with 1 ml warm MEM before the original growth medium was returned.
Animal care. All experiments were conducted under the protocols approved by the Stanford Administrative Panel on Laboratory Animal Care. Male C57/BL6 mice were virus-injected at 3-4 weeks of age as previously described 41 . Slice physiology was performed 5-7 weeks post-injection.
Stereotactic injections. Adeno-associated virus (AAV) serotype 5 was used for C1V1(E162T or E122T/E162T)-ts-EYFP, C1V1(E162T)-p2A-EYFP, and eArch3.0, all produced by the University of North Carolina at Chapel Hill Vector Core; lentivirus for ChR2(C128A/H134R) in vivo injection was produced as described (http://www.stanford.edu/group/dlab/optogenetics/). One microliter of virus was stereotactically injected bilaterally into either the medial prefrontal cortex (+1.7 mm anteroposterior, 0.3 mm mediolateral and 2.8 mm dorsoventral (from bregma)), somatosensory cortex (−0.5 mm anteroposterior, 2.9 mm mediolateral and 0.3 mm dorsoventral (from bregma)), or hippocampus (−1.0 mm anteroposterior, 1.0 mm mediolateral and 2.0 mm dorsoventral (from bregma)) of 3-to 4-week-old mice.
Microscope hardware. All two-photon experiments were conducted on a customized microscope (Prairie Technologies) fitted on an Olympus BX51. As described, either 40×/0.8-NA or 20×/0.5-NA LUMPlanFL/N (Olympus) objectives were used for all experiments. For two-photon experiments, raster scanning was performed through a defined ROI in a unidirectional, sequential line manner (Supplementary Fig. 11 ). Typical ROI dimensions were 15 × 15 µm to 20 × 20 µm in culture preparations and 10 ×10 µm to 15 × 15 µm in slice preparations but were adapted on the basis of individual soma morphology. For this scan size and typical scan speeds, there was 8-9% spatial overscan per scan line (Supplementary Fig. 7e ) and illumination-time duty cycle of ~30%; illumination was restricted to the ROI, shuttered on and off with the Pockels cells. The time taken (defined here as off-sample time; Supplementary Fig. 7e ) to return from the end of the exposure of one scan line (the last exposed pixel of the scan line) to the start of the exposure of next scan line (the first exposed pixel of the scan line) was 2-3 times longer than exposure time on-sample per line. The total scan line time is composed of the off-sample time and the exposure time. Total scan frame time for a cell (or ROI) was typically 10-15 ms, which is likewise a combination of the total exposure time (laser irradiation on cell or ROI) and the total off-sample time. In order to estimate typical exposure times, three parameters are employed: scan speed, scan resolution and size of the ROI. The exposure time per cell (or ROI) is estimated as the irradiation time per line times the number of lines; irradiation time per line is (size of ROI in x dimension)/(scan speed), whereas number of lines corresponds to (size of ROI in y dimension)/(scan resolution). In cultured hippocampal neurons, for optimized scanning, the total exposure time was typically ~4-5 ms. For both slice and in vivo experiments, the total exposure time was typically ~3-4 ms. Note also that the fill factor allowed efficient stimulation, and a Pockels cell was used to blank the laser outside the ROI.
Light delivery. One-photon. For ChR2(H134R) and ChR2 (C128T or C128A/H134R), blue-light pulses were elicited using the XCite halogen light source (EXFO) with a blue 470/30-nm filter (Semrock) coupled to a Uniblitz shutter. For inactivation of ChR2 (C128A/H134R), 520/15-nm, 540/20-nm, 560/25-nm, 590/20-nm, or 610/20-nm band-pass filters were used with light power density of 5 mW mm −2 . For single-photon-to-two-photon comparison of photocurrents, a saturating blue pulse was used at 15 mW mm −2 . For C1V1, current comparisons were conducted with a 540/20-nm filter and Olympus 40×/0.8-NA LUMPlanFL/N objective. Two-photon. A Coherent Ultra II Ti-Sapphire laser was used for all experiments. Supplementary Table 1 shows pulse width for each wavelength. In cases where EYFP and Alexa 594 were visualized, an FF560 dichroic with filters 630/69 and 542/27 (Semrock) was used to separate emissions.
For representation of TPLSM-stimulus timing in all figures, black tick marks are aligned to the signal-controlling voltage applied to the Pockels cell (via a Conoptics modulation box) that shutters the two-photon laser on at the very first pixel of a single line of an ROI. Likewise, light-off is defined as the place and time where the Pockels cell shutters the laser to an off position after the last pixel of the final line in an ROI. 
